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Abstract 
Over the last 30 years, great progress has been made in the theory and applications of fluidized bed. However, very few studies 
haves addressed the change regulation of wall pressure during the fluidization process of magnetite powder. Pressure fluctuation 
is a key factor that affects the fluidization characteristic and separation effect. In the proposed work, theories about generation 
and propagation of pressure fluctuation had been discussed for better understanding the correlation between pressure fluctuation 
and the extent of fluidization as well as the particle motion behavior of magnetite powder. Simultaneously, a pressure measuring 
and analysis system was established to measure and analyzed pressure data in air dense medium fluidized bed, including a 
fluidized bed with measuring ports, air supply system, pressure sensor, data acquisition block and data processing block. Pressure 
sensor and data acquisition block make it easy to acquire precise pressure information. Based on MATLAB software, wavelet 
analysis was employed for pressure signals filtering and noise removing. Through systemic experimental study, it is proved that 
effective analysis results have obtained.  
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
As a novel coal beneficiation method, air dense medium fluidized bed has become increasingly significant. 
Being compared to the wet beneficiation separators, it has numerous advantages of none water consumption, low 
operation cost, circulation usage of the dense medium. Hence, It is a high potential to employ air dense medium in 
drought areas or countries being suffering shortage of water, such as the middle and west regions of China, Midwest 
regions of the USA, South Africa, southeast regions of India and so on [1]. Due to aforementioned merits, the dense 
medium gas-solid fluidized bed has been widely accepted and studied by researchers throughout the world. Research 
work, which is developed by investigators from China University of Mining and Technology revealed that through 
some special flow properties and the interactions between the gas and fluidized medium phase, the dense medium 
gas–solid fluidized bed could provide a stable fluidization state and favorable environment of the density 
distribution for coal beneficiation [1]. However, the underlying mechanisms in the bed, especially the mechanism of 
pressure fluctuation, which plays a vital role for better understanding of the fluidized bed, are rarely uncovered or 
elaborated. And then, it is difficult for engineers to optimize its structure and parameters to fit the practical need in 
industry on the basis of certain mechanisms that remain obscure.  
The origin of the pressure fluctuation is still a disputable question in terms of fluidized bed as well as its 
transmission [2-5]. According to former research work, pressure fluctuations in a fluidized bed are triggered by 
multiple stimuli, for example, bed oscillations, bubble emerging and transmission, interaction influence between 
particles and particles, etc. [6,7,9]. The pressure fluctuations give rise of the instability, which seriously impacts the 
separation efficiency and yield. A large number of methods have been used to analyze pressure fluctuations in the 
fluidized bed, and the widely used method is based on linear techniques in time. The pressure time series have been 
used extensively for predicting the minimum fluidized velocity [10-12]. 
Many of the previous methods of analysis of pressure fluctuations in fluidized bed suffer from shortcomings 
that limit their utility. For example, some of them cannot uncover inherent correlations between the particles and the 
gas in the time series. Therefore, one must develop methods that are free of such shortcomings. More recent 
techniques, such as the multifractal analysis and, in particular, the more recent methods based on the wavelet 
transformations (WTs) and Stochastic methods that utilize the Fokker–Planck and Langevin equations are being 
increasingly used for analyzing time (and spatial) series in other contexts [12-16]. Wavelet analysis is currently 
recognized as a powerful tool for analyzing complex time series with strong fluctuations. As we demonstrate in the 
present paper, such techniques enable one to extract effective characteristics for describing the dynamical changes in 
pressure fluctuations in the fluidized bed. 
2. Experimental 
2.1 Apparatus 
3
),
1
2 6
3
5
4
7
10
9
8
 
Fig. 1. Schematic diagram of pressure measuring and analysis system. 1. Draught fan; 2. Bellow; 3. Valve; 4. Ball valve; 5. Manometer; 6. 
Flowrator; 7. Fluidized bed; 8. Piezometric tube; 9. Data acquisition unit; 10. Data analysis unit. 
Schematic diagram of pressure measuring and analysis system is shown in Fig. 1. It can be seen from Fig.1 that 
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a system was established to study the dynamic pressure characteristics in the fluidized bed. A manometer and 
flowrator were implemented to measure pressure and flux of the airflow generated by draught fan respectively. Bed 
height was set as 20cm. When the flux of the airflow reached a certain value, a stable and efficient fluidized state 
was likely to be achieved in the bed. Meanwhile, four piezometric tubes transit the real-time pressure signal to the 
data acquisition unit, which after that transformed the analog signal into digital signal and then transferred the signal 
to the terminal-data analysis unit. At this stage, all the data was analyzed to obtain the better understanding of 
underlying mechanisms during the pressure fluctuation in fluidized bed. 
2.2 Data 
The data of the pressure fluctuations, which is shown in Fig. 2, were measured in a gas-solid fluidized bed of 
magnetite powder, 40cm in diameter and 40cm in height. Perfect fluidization state can be achieved at a speed of 
30m3/h with the bed height of 20cm. The heights of the four piezometer tubes are 1cm, 6cm, 11cm, 16cm 
respectively above the bottom of the bed. Piezoelectric pressure sensors of the LabJack were used in conjunction 
with a probe to measure the pressure fluctuations.  
 
Fig. 2. The data of the pressure fluctuations 
3 Theoretical analysis 
3.1 The origin of pressure fluctuations  
The origin of pressure fluctuations in gas–solid fluidized beds has been discussed by numerous researchers. 
The pressure signal can be triggered by several causes, which are summarized as follows: generation of a bubble at 
the distributor [3], bubble coalescence [4], bubble eruption at the bed surface [3], bubble passage [5], fluctuations in 
the gas flow, disturbances caused by gas voids and particle clusters, etc. . 
The pressure fluctuations come from bubble motion within the bed, but the origin of the fluctuations is still not 
fully clear. The main limitation in understanding the nature of the pressure signal lies in its intrinsically non-local 
nature. The situation is, of course, similar to that in single phase flows, where one of the fundamental equations of 
the incompressible fluid mechanics relates the pressure and velocity fields (see any text book on fluid mechanics, 
e.g. [13]): 
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Eq. (1) is the Poisson equation (obtained from the Navier–Stokes equations), which determines the pressure ݌ 
at point ݔ in terms of the velocity field u  at the same time everywhere in the system studied. 
Pressure fluctuations in gas–solid bubbling fluidized beds can be generated directly from bubbles passing the 
pressure measurement probe. For a single bubble the pressure field around the bubble, ஻ܲ,  can be well described by 
(Davidson, 1961): 
    321 cosBB P RP t g rU H T    for 'Br R!                                                                                                   (2) 
    1 cosB PP t g rU H T   for 'Br R                                                                                                       (3) 
 
    For a probe located on the vertical path of the bubble, the above equations predict that the static pressure will 
change as the bubble approaches, encloses and then leaves the probe, causing pressure fluctuations. The amplitude 
or the standard deviation (Sp) of pressure fluctuations due to bubble passage thus should be proportional to the 
bubble diameter according to Eqs. (1) [6], i.e. 
  1P P BS gDU Hv                                                                                                                                        (4) 
The second source of pressure fluctuations in fluidized beds is from the bed level fluctuations or surface waves 
due to the sloshing motion caused by the bubble eruption at the bed surface. Pressure fluctuations generated from 
bubble eruption at the upper bed surface is associated with the size of bubbles reaching the bed surface [7]. The 
same procedure as developed above for bubbles passing the pressure probe can be used for the calculation of 
pressure fluctuations resulting from bubble eruption, with the pressure amplitude being proportional to the bubble 
size near the upper bed surface, i.e., 
   , '1P P B z HS gDU H  v                                                                                                                                 (5) 
Where , 'B z HD   is the diameter of bubbles at the bed surface.  
3.2 Pressure fluctuations in the fluidized bed 
In the fluidized bed, the particles are consisted of numbers of magnetite powders with different sizes and shapes. 
As such, the void structure of particle bed is complicated. In this proposal work, continuum model is employed to 
the fluidized bed for analyzing the pressure fluctuations. In the model, particles considered as continuum phase 
entwining with the gas phase enables one to understand the flow field through governing equations.  
The governing equations are listed as follows [29]: 
(1) Continuity equations: 
     0k k k k kut H U H Uw   w                                                                                                                        (6) 
 1kk H  ¦                                                                                                                                                          (7) 
Where  k  represents solid or gas, H  is the voidage.  
(2) Momentum equation:                  
     1( )k k k k k k k k g k k k ku u u P g u ut H U H U H H U W Ew        w                                              (8) 
Where kW  is the phase stress. For the gas phase, it can be defined like this: 
 2k g g gSW H P                                                                                                                                                   (9) 
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gS  is the deformation rate tensor of the gas phase. I  represents unit tensor. 
For the solid phase,  sW  is defined as follows: 
 2s s s s s s s sP u I SW H [ H Pª º    ¬ ¼                                                                                                           (11) 
Where  sS  is the the deformation rate tensor of the solid phase and can be defined: 
  1 12 3Ts s s sS u u u Iª º     « »¬ ¼                                                                                                            (12) 
Then the solid phase pressure  sP  : 
 > @01 2(1 )s s p sP T e gH U H                                                                                                                        (13) 
 T  stands for the particle temperature or fluctuating kinetic energy. e  represents the restitution coefficient.  0g  is 
the radial distribution function.  
 T  can be calculated through the following equations: 
21
3
T C                                                                                                                                                       (14) 
Where C  represents particle fluctuation velocity. 
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   The gas phase stress and solid phase stress have a great contribution to the origin of pressure fluctuation in the 
fluidized bed. Phase stress arises from the force vector component parallel to the cross section. The phase stresses 
have two influencing aspects to the fluidized state. The first one is positive impact: The static bed of magnetite 
powder can be loosed by the phase stresses, which also preserve the steady state fluidization, which is of 
significance to the separator itself to some extent. However, the stresses, on the other hand, cause counter impacts. 
Pressure fluctuation is convinced to be one of them. 
4. Results and discussion 
In the steady fluidized bed, the pressure signal tends to be presented by low-frequency, while the noise signal is 
often manifested as high-frequency signal [16]. Hence, it provides an effective processing way to detect the trend of 
useful signal by the time-frequency analysis of wavelet decomposition. 
A typical pressure signal is chosen at steady fluidization state. The signal is shown in Fig. 3. The pressure signal 
is obtained by sampling, the discrete wavelet transform (DWT) is employed in this proposal work. Due to the 
vibration of machine, signal is seriously polluted, so good localization properties in time and frequency domains are 
needed within the wavelet function. But the Meyer wavelet function, due to its compact support, is excluded. Harr 
wavelet is less capable of local analysis in frequency domain, although it has a strong temporal locality, hence, it is 
not suitable. 
To a certain extent, Daubechies, Symlets and Coiflets wavelet functions are basically available for the analysis of 
pressure signal. Db4 has been chosen as the mother wavelet [16]. 
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Fig. 3. The graphic of the chosen pressure signal 
 
It can be seen that the signal fluctuates dramatically with high amplitude at some signal points and lower 
amplitude in fractional periods. 
The decomposition of the chosen signal is obtained. The result is shown in Fig. 4 and the low frequency of signal 
is shown in Fig. 5. 
 
Fig. 4. The decomposition result of the chosen signal 
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Fig. 5. The low frequency of signal 
 
The low-frequency of sixth decomposition was employed to identify the trend of the pressure signal. In the Fig. 5, 
the signal fluctuation is stable. The amplitude and frequency remain identical briefly throughout the time series. Due 
to the generation and collapse of bubbles, the pressure fluctuation is unavoidable. The actual pressure signal is 
oscillating at stable amplitude relatively. Hence, the steady amplitude in the Fig. 5 represents the actual tendency of 
pressure signal. 
The comparison of the chosen and de-noising signals is shown in Fig. 6. In the de-noising operation, the FFT 
filter is implemented in wave filtering. The de-noising residuals are shown in Fig. 7, the residuals of de-noising 
fluctuate between 0.04 and -0.04, which is far lower than the value of the pressure. Hence, the de-noising result is 
generally acceptable and effective. 
 
Fig. 6. The comparison of the chosen and de-noising signals 
 
 
Fig. 7. Analysis residual of de-noising  
5. Conclusion 
In this research work, a pressure measuring and analysis system was created to study the pressure fluctuations in 
the air dense medium fluidized bed. Meanwhile, we discussed the theories that account for the generation and 
propagation of the pressure signal. Thereafter, the pressure data obtained is analyzed by wavelet analysis method. 
Through the experiment, the conclusions are shown as follows: 
1) A novel pressure measuring and analysis system was constructed to enable researchers to acquire and analyze 
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the pressure signal effectively. The result shows that eligible data of pressure fluctuation has been obtained through 
the system. 
2) The proposal work has discussed the theories on the generation and propagation of pressure fluctuation. From 
the discussion, it can be seen that many reasons account for the origin of pressure fluctuation, which is needed to be 
studied intensively. 
3) With the wavelet analysis method, the wavelet analysis can keep the edge features of the real signal and 
eliminate the noise efficaciously. So, it provides a reliable basis for the analysis of pressure signals in the fluidized 
bed. 
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